ABSTRACT A method is described for observing and recording in real-time x-ray diffraction from an unoriented hydrated membrane lipid, dipalmitoylphosphatidylcholine (DPPC), through its thermotropic gel/liquid crystal phase transition. Synchrotron radiation from the Cornell High Energy Synchrotron Source (Ithaca, New York) was used as an x-ray source of extremely high brilliance and the dynamic display of the diffraction image was effected using a three-stage image intensifier tube coupled to an external fluorescent screen. The image on the output phosphor was sufficiently intense to be recorded cinematographically and to be displayed on a television monitor using a vidicon camera at 30 frames * s-'. These measurements set an upper limit of 2 s on the DPPC gel --liquid crystal phase transition and indicate that the transition is a two-state process. The real-time method couples the power of x-ray diffraction as a structural probe with the ability to follow kinetics of structural changes. The method does not require an exogenous probe, is relatively nonperturbing, and can be used with membranes in a variety of physical states and with unstable samples. The method has the additional advantage over its static measurement counterpart in that it is more likely to detect transiently stable intermediates if present.
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As an x-ray source synchrotron radiation (SR) (1) (2) (3) (4) (5) , which comes about as a result of the motion of relativistic charged particles in a curved path in a magnetic field, has been lauded for its inherent time structure, continuous wavelength spread, and extreme brilliance. Cornell High Energy Synchrotron Source (CHESS) (6) , the SR facility used in the present study, operates in a mode parasitic to the high energy physics experiments carried out on the Cornell Electron Storage Ring (CESR). The extreme brilliance of SR is a consequence of the relativistic speed of the electrons that at CESR results in an angular divergence of the beam in the vertical of some 20 s of arc (0.00560). In addition to this natural vertical collimation, the beam is horizontally focused at CHESS using a cylindrically bent single crystal ( Fig. 1 ) providing a monochromatic (8.3 keV, 1.50 A) beam with a focal spot size of -1.5 mm2. It is the extreme brightness of this collimated x-ray source when used in conjunction with a suitable detection system that has made possible these real-time studies.
DPPC, the lipid used in the present series of experiments, consists of two identical long saturated hydrocarbon chains and a head group with a permanent dipole moment. In the hydrated state, DPPC packs into bilayers with the hydrophobic acyl chains to the inside and the head group in the aqueous phase. Each bilayer is separated from the next by a layer of water. In excess water multilamellar vesicles form consisting of concentric spherical bilayers interspersed with layers of water in an onion skinlike arrangement (7) .
Hydrated DPPC was employed in the present study and the x-ray diffraction pattern from these membranes identifies long (lattice type and symmetry) and short (hydrocarbon chain packing) range order within these structures (8) (9) (10) (11) (12) (13) (14) (Fig. 2 A) . Low-angle (20 _ 50) reflections index according to a lamellar lattice and the magnitude of the lattice periodicity, which is a composite of lipid bilayer and interlamellar water layer thickness, varies depending on phase type, temperature, and degree of hydration (13) (14) (15) (16) (17) ing and recording in real-time changes in the x-ray diffraction of hydrated DPPC upon heating and cooling through the gel/liquid crystal phase transition temperature (Ti).
Heating was effected by directing hot air from a heat gun on the sample (Fig. 1 ) and cooling occurred in air when heating was terminated. Changes in both low-and high-angle regions of the DPPC x-ray diffraction pattern were observed as they occurred in real time. This result is presented in Fig. 2 . The diffraction pattern of one of the DPPC samples recorded on x-ray sensitive film following a 7-min exposure is included for comparative purposes (Fig. 2 A) . The image intensifier used in these experiments accepts a cone of diffracted rays up to 40-mm diam. With the present experimental arrangement, therefore, it was not possible to simultaneously record with good resolution both low-and high-angle reflections. Accordingly, the two regimes were examined separately.
In Fig. 2 (Fig. 2 B, 5 and 6 ). Initially, there is a continuous decrease in the 20 value of the high temperature line to 1.60 followed by a discontinuous jump in 20 from 1.60 to 1.40 characteristic of the room temperature 20 value. As with sample heating, coexistence of the 1.40 and 1.60 lines was observed for a finite time Fig. 1 for details) through the T, of the lipid using a 1.3-mm collimator. Elapsed time after the commencement of heating and cooling is indicated along with the direction of increasing diffraction angle, where according to Bragg: sin 0 = nX/2d (the integer, n, is the order of diffraction; X, the x-ray wavelength (1.5 A); d, the interplanar spacing; and 0, the grazing angle of incidence). Detector-to-sample distance was -40 cm (B, C) and 10 cm (D (20) and for hydrated DPPC by pressure jump (21) . X-ray diffraction has been used previously to look at the kinetics of phase transitions in model and biological membranes using a position-sensitive detector (22) . However, in this case the time resolution of the system was not good enough to follow what was considered to be a fast (<30 s) transition in the synthetic lipids, which is consistent with the present result. The lamellar reflections from coexisting gel and liquid crystal phases remain sharp through the transition region with what appears to be a reciprocal relationship between the diffracted intensity of the two reflections. These observations indicate that the coherent domain size of the coexisting phases remains large throughout the transition and suggest that the phase transition is predominantly a two-state process to within the sensitivity limits of the real-time method.
The behavior of DPPC at 10% (wt/wt) water was quite similar to that of the more fully hydrated sample described above (Fig. 2 C) . The only differences observed were in the original and final values of 20 that reflect the degree of hydration of the sample and the Tt, which in this case is -600C. Inoko and Mitsui (15) have made static x-ray diffraction measurements of DPPC at 20% (wt/wt) water at a number of temperatures above and below Tt.
The behavior of this system was very similar to the results presented above in real-time in that a discontinuous jump of -7 A in the lamellar d-spacing was observed at T, followed by a continuous drop in d-spacing with increasing temperature above T,.
Up to four orders of the primary low-angle reflection were observed in the original video display, and the temperature induced changes described above for the first-order reflection occurred simultaneously in each of the higher order lines. The heating and cooling cycle was repeated many times with what appeared to be identical behavior in the low-angle region in each cycle evidencing the thermodynamic reversibility of the transition at both levels of hydration. The existence of hysteresis loops was not investigated.
Changes in the high-angle diffraction lines of hydrated DPPC that reflect acyl chain packing and conformation were recorded in real time through T, as depicted in Note that in these real-time recordings of the 10% water sample the high-angle gel phase reflection moves to lower angles upon heating while remaining perfectly sharp before the actual chain melting occurs (Fig. 2 D, 1 and 4) . Space does not permit an analysis of this behavior, which was less obvious in the more fully hydrated sample (see also reference 24). Because the diffuse liquid crystal phase reflection at (4.6 A) ' is difficult to see using this real-time imaging system, evidence corroborating phase coexistence as observed in the behavior of the lamellar d-spacings was not immediately obvious from the high-angle region of the diffraction pattern.
The time resolution properties of the present real-time detection system is limited by the slow ZnS phosphors of the image intensifier. The rise and decay time for this system has been determined to be 0.1 and 1 s, respectively (25) . Because the intensity rise and decay times of diffraction lines examined in this study were _ 2 s, instrument response time was not limiting. The dynamic display in real time of more rapid kinetics will demand improvement in the time resolution of the present detection system.
To conclude, the results presented above clearly demonstrate the feasibility of observing and recording in real time the dynamics of structural changes in lipid bilayers as revealed by x-ray diffraction. These measurements show that the characteristic time for the gel/liquid crystal phase transition of hydrated DPPC is -2 s and that the transition is predominantly a two-state process. The capability of making live-time measurements opens up numerous possibilities in the area of membrane biology. Imminently this potential will be further enhanced when CESR is operating with (a) multiple bunches of electrons, (b) a six-pole wiggler (26) situated immediately upstream from the focused x-ray beam, and (c) toroidal focusing optics. Taken together, a 500-fold increase in the diffracted x-ray intensity is anticipated as a result of these modifications. Such an improvement will allow for dynamic studies on dilute vesicle suspensions and possibly even isolated monoand bimolecular lipid membranes where rapid mixing techniques can be used. In this way, the usefulness and versatility of SR as a probe of the structure and dynamics of model and biological membranes will be improved still further. Receivedfor publication 20 September 1983.
